Abstract-Having now produced devices with sufficient Q, thermal stability, aging stability, and manufacturability, vibrating RF MEMS technology is already finding its way into next generation timing and wireless applications. At this juncture, the technology is now poised to take its next logical steps: higher levels of circuit complexity and integration. In particular, as vibrating RF MEMS devices are perceived more as circuit building blocks than as stand-alone devices, and as the frequency processing circuits they enable become larger and more complex, the makings of an integrated micromechanical circuit technology begin to take shape, perhaps with a functional breadth to rival that of integrated transistor circuits. After briefly reviewing the present state of vibrating RF MEMS device technology, this paper suggests the mechanical circuit element attributes most likely to insure a broad functional range for future integrated micromechanical circuits.
INTRODUCTION
Today's wireless transceivers are designed under a near mandate to minimize or eliminate, in as much as possible, the use of high-Q passives. The reasons for this are quite simple: cost and size. Specifically, the ceramic filters, SAW filters, quartz crystals, and now FBAR filters, capable of achieving the Q's from 500-10,000 needed for RF and IF bandpass filtering and frequency generation functions, are all off-chip components that must interface with transistor functions at the board-level, taking up a lot of board space, and comprising a sizable fraction of the parts and assembly cost.
Pursuant to reducing the off-chip parts count in modem cellular handsets, directconversion receiver architectures [1] have removed the IF filter, and integrated inductor technologies are removing some of the off-chip L's used for bias and matching networks [2] . Although these methods can lower cost, they often do so at the expense of increased transistor circuit complexity and more stringent requirements on circuit performance (e.g., dynamic range), both of which degrade somewhat the robustness and power efficiency of the overall system. In addition, the removal of the IF filter does little to appease the impending needs of future multi-band reconfigurable handsets that will likely require high-Q RF filters in even larger quantities perhaps one set for each wireless standard to be addressed. Fig. 1 presents the simplified system block diagram for a handset receiver targeted for multi-mode applications, clearly showing that it is the high-Q RF filters, not the IF filter, that must be addressed. In the face of this need, and without a path by which the RF filters can be removed, an option to reinsert high Q components without the size and cost penalties of the past would be most welcome, especially if done in a manner that allows co-integration of passives with transistors onto the same chip.
Recent advances in vibrating RF MEMS technology [3] - [5] have yielded micromechanical resonators with Q's greater than 10,000 at GHz frequencies [6] - [8] , thermal stabilities down to 18 ppm over 27-107°C [9] , impressive aging characteristics [10] -[1 1], and antenna-matchable impedances [12] . Indeed, with some of the above attributes superior to those attainable by macroscopic counterparts, the technical argument for the use of vibrating RF MEMS as high-Q replacement components in existing wireless subsystems is already quite strong. As a result, vibrating micromechanical devices are presently strong candidates for Antenna TI M Fig. 1 : System block diagram of a future multimode receiver front-end, showing how the number of RF passives will continue to increase, regardless of whether or not a direct-conversion architecture is used or not. Much of the described work was supported by DARPA and NSF.
inclusion into a number of future wireless communication sub-systems, from cellular handsets, to PDA's, to lowpower networked sensors, to ultra-sensitive radar and jamresistant communicators designed for hostile environments. Indeed, piezoelectric thin-film bulk acoustic resonators (FBAR's) [13] [14] , composed of deposited piezoelectric materials sandwiched between metal electrodes that drive them into extensional-mode vibration, have already become a successful high volume MEMS product in the wireless handset arena. And at the time of this writing, timekeeper products based on vibrating MEMS technology stand poised to impact the voluminous frequency control market.
But the benefits afforded by vibrating RF MEMS technology go far beyond mere component replacement. In fact, the extent to which they offer performance and economic benefits grows exponentially as researchers and designers begin to perceive these devices more as on-chip building blocks than as discrete stand-alone devices. In particular, by mechanically linking vibrating mechanical structures into more general networks, "integrated micromechanical circuits" can be conceived capable of implementing virtually any signal processing function presently realizable via transistor circuits, and with potential power and linearity advantages, especially for functions that involve frequency processing. In essence, micromechanical linkages might form the basis for an integrated micromechanical circuit technology with a breadth of functionality to rival that of transistor integrated circuits. Among the application possibilities are reconfigurable RF channel-selecting filter banks, ultrastable reconfigurable oscillators, frequency domain computers, and frequency translators. When further integrated together with other micro-scale devices (e.g., transistors, micro-ovens, micro-coolers, atomic cells), system-level benefits for portable applications abound, particularly those for which architectural changes allow a designer to trade high Q for lower power consumption and greater robustness, with potentially revolutionary impact.
After With this in mind, Fig. 2 presents key cross-sections describing a polysilicon surface micromachining process done directly over silicon CMOS circuits in a modular fashion, where process steps for the transistor and MEMS portions are kept separate, in distinct modules [15] . (Modularity is highly desirable in such a process, since a modular process can more readily adapt to changes in a given module, e.g., to a new CMOS channel length.) As shown, this process entails depositing and patterning films above a finsihed CMOS circuit using the same equipments already found in CMOS foundries until a cross section as in Fig. 2(a) is achieved. Here, the structural polysilicon layer has been temporarily supported by a sacrificial oxide film during its own deposition and patterning. After achieving the cross-section of Fig.  2(a) , the whole wafer is dipped into an isotropic etchant, in this case hydrofluoric acid, which attacks only the oxide sacrificial layer, removing it and leaving the structural polysilicon layer intact, free to move. Fig. 3 presents the SEM of a watch oscillator that combines a 16 kHz folded-beam micromechanical resonator with a Q of 50,000 together with sustaining CMOS transistor circuits using the very process flow of Fig. 2 , but with tungsten as the metal interconnect in order to accommodate 6250C structural polysilicon deposition temperatures [15] .
Although the use of tungsten instead of the more TA] conventional copper and aluminum prevents the process of [15] from widespread use, other variants of this modular process have now been demon-N strated that allow more conventional CMOS metals o [16] . In addition, other non-modular merging proc-v esses [17] have already been used in integrated v MEMS products for many years now. Whichever process is used, the size and integration benefits are clear, as the complete timekeeper of Fig. 3 Among lateral-mode micromechanical resonators, capacitively transduced ones so far exhibit the highest frequency-Q products, since they generally are constructed in single high quality materials, and thus suffer less from the material interface losses that can encumber other transducer types (e.g., piezoelectric). In addition to better Q, capacitive transduction also offers more flexible geometries with CAD-definable frequencies, voltage-controlled reconfigurability [18] [19] , better thermal stability [9] , material compatibility with integrated transistor circuits, and an on/off self-switching capability [19] , all of which contribute to a strong amenability to mechanical circuit design. higher VHF frequencies, limiting the practical range of this structure to <100 MHz when using ptm-scale dimensions. To achieve higher frequency while retaining Q's in the thousands and without the need for sub-ptm dimensions [23] (which can potentially degrade the power handling and frequency stability of these devices in present-day applications [24] ), more balanced structures that eliminate anchor losses can be used, such as the free-free beam [21] in row 2; the wine-glass [22] and contour-mode disks [6] [7] in rows 3 and 4; and the ring [8] in row 5 of Table 1 . The disks and ring of this group already operate beyond GHz frequencies with Q's greater than 10,000 (in both vacuum and air), all while retaining sufficiently large dimensions to maintain adequate power handling and to avoid "scaling-induced" phenomena, such as mass-loading or temperature fluctuation noise [24] , that might degrade performance when dimensions become too small. The device of row 4 of Table 1 consists of a 20tm-diameter, 2ptm-thick polydiamond disk suspended by a polysilicon stem self-aligned to be exactly at its center, all enclosed by polysilicon electrodes spaced 80 nm from the disk perimeter [6] . When vibrating in its radial contour mode, the disk expands and contracts around its perimeter in what effectively amounts to a high stiffness, high energy, extensional mode. Since the center of the disk corresponds to a node location for the radial contour vibration mode shape, anchor losses through the supporting stem are greatly suppressed, allowing this design to u retain a very high Q even at this UHF frequency. In m addition to the GHz data shown in row 4 of Table 1 , a version of this device at 498 MHz achieves a Q of > 55,300 in vacuum [6] , which corresponds to a fre-F14 quency-Q product of 2.75X1013 the highest for any resonator in the GHz range at room temperature. Fur-= thermore, the high stiffness of its radial contour mode gives this resonator a much larger total (kinetic) energy during vibration than exhibited by previous resonators, making it less susceptible to energy losses arising from viscous gas damping, hence, allowing it to retain Q's >10,000 even at atmospheric pressure. This resonator o not only achieves a frequency applicable to the RF . front ends of many commercial wireless devices, it also < removes the requirement for vacuum to achieve high 4 Q, which should greatly lower cost.
It should be noted that the disk of row 4 in Table 1 I is constructed of polydiamond, which has twice the Q acoustic velocity of polysilicon, so facilitates the reali-0 zation of GHz frequencies. However, polysilicon struc-.r tures can also achieve similar performance when de-m signed with the right geometry and isolating anchoring, as exemplified by the ring resonator of row 5 in Table 1, which uses a centrally located quarter-wavelength support structure with ring notches to minimize anchor losses towards Q's >10,000 in both vacuum and air at 1.46 GHz [8] . B. Thermal Stability, Aging, and Impedance Besides frequency range and Q, thermal stability, aging/drift stability, and impedance, are also of utmost importance. Table 2 presents some of the tmechanical resonator devices designed specifically to address these parameters. In particular, the beam device of row 1 in Table 2 utilizes a temperature-tailored top electrode-to-resonator gap spacing to attain a total frequency deviation over 27-1270C of only 18 ppm, which actually betters that of AT quartz. This, combined with recent demonstrations of good aging and drift [10] [11], makes tmechanical resonators excellent candidates for reference oscillator applications in communication circuits. In addition, the devices of rows 2 and 3 illustrate strategies for lowering the impedances of stand-alone resonators, the first based on enlargement of the electrode-toresonator capacitive overlap area to increase electromechanical coupling [25] ; the second dispensing with capacitive transducers, and using piezoelectric transducers [12] [26] ; with the latter so far being the more successful in achieving the 50-377Q impedances desired for matching to off-chip components.
Although it does achieve low impedance, and is amenable to CAD specification, the piezoelectric device of row 3
in Table 2 still sacrifices the important high Q, on/off selfswitching, and temperature stability attributes offered by 8) Amenability to low-capacitance single-chip integration with transistors. This not only eliminates the impedance issue described previously, since the tiny magnitudes of on-chip parasitic capacitors allow impedances in the kQ range, but also affords designers a much wider palette of mechanical and electrical circuit elements. Devices with the above attributes and a path to the integration density illustrated in Fig. 3 have the potential to shift paradigms that presently constrain the number of high-Q components permissible in the design of portable wireless devices, and instead allow the use of hundreds, perhaps thousands (or more), of high-Q elements with negligible size or cost penalty. In particular, the devices of Table 1 and  Table 2 sport many of the attributes and ingredients to realize a micromechanical circuit technology that could reach large-scale integrated (LSI), or even very large-scale integrated (VLSI), proportions, the same way integrated circuit (IC) transistors had done over recent decades, and with potential for advances in capabilities in the mechanical domain as enormous as those achieved via the IC revolution in the electrical domain.
V. MICROMECHANICAL CIRCUIT EXAMPLES
Given that they satisfy all of the attributes listed in Section IV, it is no surprise that capacitively transduced resonators have been used to realize many of the the most complex micromechanical circuits to date. Table 3 summarizes several purely micromechanical circuits, from bandpass filters with impressive on-chip insertion losses of only 0.6dB for 0.090O bandwidth [29] , some using non-adjacent bridging to effect loss poles [30] ; to mixer-filter ("mixler") devices that both translate and filter frequencies via a single passive structure [ 18] ; to impedance transforming mechanicallycoupled arrays that combine the responses of multiple highimpedance resonators to allow matching to a much lower 50Q [31] ; to a filter using mechanically-coupled composite resonators to allow matching to 50Q while attaining the lowest insertion loss to date for a VHF micromechanical filter [32] [33] ; to an oscillator using a micromechanical disk array-composite resonator together with a custom-designed sustaining amplifier IC to achieve phase noise skirts compliant with GSM reference oscillator specifications [35] .
Each of the filters in Table 3 is comprised of several identical resonator elements coupled by mechanical links attached at very specific locations on the resonators. As detailed more fully in [20] and [29] , the center frequency of such a mechanical filter is determined primarily by the (identical) frequencies of its constituent resonators, while the spacings between modes (i.e., the bandwidth) is determined largely by a ratio of the stiffnesses of its coupling beams to that of the resonators they couple at their attachment locations. The circuit nature of each filter in Table 3 is emphasized by the fact that each was designed using equiva-lent electrical circuits defined by electromechanical analogies [20] [29] , which allowed the use of electrical circuit simulators, like SPICE an important point N Foldec that implies mechanical circuits should be 7 c amenable to the vast automated circuit design environments already in existence. Fig. 4 presents the specific electric circuitê quivalence for the bridged filter of row 3 of Table 3 "advanced" device. The similarities between the described arraying approach and similar strategies in transistor integrated circuit design are noteworthy. In particular, the use of an array of resonators to match the impedance of a micromechanical circuit to an off-chip macroscopic element (e.g., an antenna) is really no different from the use of a cascade of progressively larger inverters (or in actual layout, arrays of smaller inverters) to allow a minimum-sized digital gate Table 3 . small IGHz disks can achieve a larger sidewall surface area (hence, larger electromechanical coupling and smaller filter impedance) than a single IGHz ring made large to minimize impedance.
to drive an off-chip board capacitor. In essence, micro (or nano) scale circuits, whether they be electrical or mechanical, prefer to operate with higher impedances than macroscale ones, and interfacing one with the other requires a proper impedance transformation. In a building block circuit environment, such an impedance transformation is most conveniently accomplished via large numbers of circuit elements, whether they be electronic transistors or mechanical resonators.
Again, it is the amenability to CAD of vibrating RF MEMS technology that makes the purely mechanical filters and arrays of Table 3 possible, and it is this same amenability to CAD that stands to effect substantial reductions in both cost and size for multi-band, multi-mode transceivers like that of Fig. 1 . In particular, the tiny size and high integration density of micromechanical circuit technology makes the chip of Fig. 6 possible, which includes all the high-Q filters and resonators of Fig. 1 in a chip size of only 0.25mm x 05mm. Furthermore, if the on-chip passives technology used in Fig. 6 is indeed one where device properties (e.g., frequencies) can be specified by CAD-definable quantities (e.g., lateral dimensions, as opposed to thickness), allowing them to be defined in a single deposited layer, then the cost of a single chip of all 11 of the high-Q passives in Fig. 1 could potentially end up being about the same as one of the original off-chip passives. Needless to say, this degree of cost reduction creates great incentive for development of lateral vibration-mode MEMS resonators, for which frequency is defined by CAD-definable lateral dimensions; as opposed to thickness mode resonators (e.g., FBAR's or shear-mode quartz) that require a different film Here, a resonator technology that allows many different frequencies to be defined (e.g., via CAD layout) in a single film layer is assumed. The above 0.25 x 0.5 mm2 chip includes the receive path high-Q passives of Fig. 1 , plus additional oscillator tanks for improved phase noise and injection locking suppression. Although only receive path high-Q filters are included, here, note that transmit filters, as well as other lateral-dimension-defined passives described in this paper, could also be added while still retaining a tiny chip size.
thickness for each individual frequency, and thus, impose higher cost. If the lateral-mode resonators further use capacitive transduction, then they possess the additional advantage of self-switchability [19] , which allows the system of Fig. 1 to dispense with the multi-throw switch, and hence, dispense with its size, cost, and insertion loss. A. Combined MEMS-Transistor Circuits Even greater capability becomes possible if transistors can be added to these mechanical circuits. The oscillator in row 7 of Table 3 [35] is one good example where the use of a micromechanical circuit improves the performance of a combined MEMS-transistor circuit. In this particular oscillator, the use of a disk array-composite resonator raises the power handling of the effective resonant tank element while retaining a very high Q of 118,900. Since Leeson's equation [39] indicates that the stability of an oscillator, as measured by its phase noise, is inversely proportional to the Q of its frequency setting tank element and to the power circulating through the oscillator feedback loop, the use of a disk arraycomposite to increase the power-Q product over that of a stand-alone resonator constitutes a mechanical circuit technique that can very effectively improve the phase noise performance of any oscillator. This mechanical circuit technique is in fact responsible for lowering the phase noise of the oscillator in row 7 of Table 3 to -140 dBc/Hz at 1 kHz offset from a 13-MHz carrier, and -150 dBc/Hz at far-fromcarrier offsets, both of which together satisfy the GSM reference oscillator requirement [35] .
The implications of this go far beyond merely satisfying present-day specifications. Given that the micromechanical disk and ring resonators of rows 4 and 5 of In addition to good short-term stability, MEMS technology has great potential to achieve oscillators with excellent thermal stability. In particular, the tiny size and weight of vibrating micromechanical resonators allow them to be mounted on micro-platforms suspended by long thin tethers with thermal resistances many orders of magnitude larger than achievable on the macro-scale. Such a large thermal resistance to its surroundings then allows the platform and its mounted contents to be heated to elevated temperatures with very little power consumption (e.g., milliwatts). Fig. 1 presents the first such platform-mounted folded-beam micromechanical resonator, where the nitride platform supporting the resonator also included thermistor and heating resistors that when embedded in a feedback loop that kept the temperature of the platform at 1300C with only 2mW of total power consumption [40] . With oven-controlling feedback engaged, the temperature coefficient of the platformmounted micromechanical resonator was reduced by more than 5 times, with thermally induced warping of the platform the performance limiter. Much better reduction factors are expected with a more refined platform design.
VI. LARGE-SCALE INTEGRATED (LSI)
MICROMECHANICAL CIRCUITS Again, to fully harness the advantages of tmechanical circuits, one must first recognize that due to their microscale size and zero dc power consumption, tmechanical circuits offer the same system complexity advantages over off-chip discrete passives that planar IC circuits offer over discrete transistor circuits. Thus, to maximize performance gains, tmechanical circuits should be utilized on a massive scale. Again, as with transistor circuits, LSI (and perhaps eventually VLSI) mechanical circuits are best achieved by hierarchical design based on building block repetition, where resonator, filter, or mixer-filter building blocks might be combined in a similar fashion to the memory cell or gate building blocks often used in VLSI transistor IC's.
One example of an LSI micromechanical circuit expected to impact future transceivers is the RF channel selector mentioned in Section I and described at the system-level in [3] and [4] . The potential benefits afforded by this RF channel selector can be quantified by 0_ assessing its impact on the LNA linearity specification imposed by a given standard, e.g., the IS-98-A interim standard for CDMA cellular mobile stations [41] . In this standard, the required IIP3 of the LNA is set mainly to avoid desensitization in the presence of a single tone (generated by AMPS .2 [42] ) spaced 900 kHz away from the CDMA the LNA IIP3 exceeds +7.6dBm [42] . However, if an RF channel select filter bank such as shown in Fig. 7 precedes the LNA and is able to reject the single tone by 40dB, the requirement on the LNA then relaxes to IIP3 <-29.3dBm (assuming the phase noise specification of the local oscillator is not also relaxed). Given the well-known noise versus power trade-offs available in LNA design [43] , such a relaxation in IIP3 can result in nearly an order of magnitude reduction in power. In addition, since RF channel selection relaxes the overall receiver linearity requirements, it may become possible to put more gain in the LNA to suppress noise figure (NF) contributions from later stages, while relaxing the required NF of the LNA itself, leading to further power savings.
VII. CONCLUSIONS
MEMS-based realizations of wireless transceiver functions, including 0.090O bandwidth filters with less than 0.6dB insertion loss, GSM-phase-noise-compliant oscillators, and mixer-filters that mix and IF filter in single passive devices, have been described with an emphasis on the performance benefits afforded by scaling to micro dimensions. In particular, via scaling, vibrating RF MEMS devices have now reached frequencies commensurate with critical RF functions in wireless applications and have done so with previously unavailable on-chip Q's exceeding 10,000. Q's this high may now encourage paradigm-shifting communication architectures that can eliminate interferers immediately after the antenna, allowing subsequent electronics to operate with much lower dynamic range and power consumption than would otherwise be needed. Given present transistor scaling trends towards lower dynamic range digital devices, such a relaxation in dynamic range requirements may be arriving at an opportune time. Freq.
Freq.
diagram for an RF channel-select micromechanical filter bank, with an example LOus input frequencies can be simultaneously selected via mere application or redc-biases. In the bottom plots, filters 2, 4, 5, and n are on, while all others are off.
At present, micromechanical circuit complexity is nearing medium-scale integration (MSI) density, as exemplified by the composite array filter in row 5 of Table 3 , which uses more than 43 resonators and links. Indeed, circuit complexity and frequency range should only increase as MEMS technologies evolve into NEMS (or "nanoelectromechanical system") technologies, with feature sizes that support frequencies exceeding 10 GHz. In fact, with knowledge of the micromechanical circuit concepts described herein, one might now even question the numerous ongoing research efforts to make transistors out of nanowires. One might ask: Why do this? After all, nanowires can be employed more naturally as vibrating resonators capable of doing mechanical signal processing when mechanically linked into circuit networks similar to those described herein. Such nanomechanical networks would not only be completely passive, consuming substantially less power, but would also dispense with the need for the electrical contacts that presently inhibit large scale integration of nanowire transistors.
